Introduction
was produced during transesterification, the reaction temperature favored its elimination and then contributed to shift the reaction equilibrium towards ester synthesis. The application of alkyl esters as acyl donors for transesterification offered an effective solution to overcome equilibrium. In a previous study by Coulon et al. (1995) , transesterification reaction gave better conversion than direct esterification for lipase-catalyzed synthesis of fructose oleate in organic solvent when using immobilized lipase from Candida antartica as biocatalyst. Humeau et al. (1995) investigated the effect of acyl donor on the conversion for ascorbyl palmitate synthesis using immobilized lipase from Candida antartica as biocatalyst and found that transesterification route was superior to direct esterificaiton. Pang et al. (2013) established a novel chemoenzymatic route for propyl caffeate synthesis via transesterification or direct esterification and found that the yield of propyl caffeate using transesterification was higher than that using esterification in the presence of Novozym 435. Therefore, the method of lipase-catalyzed transesterification synthesis might be an effective strategy to obtain better yield. 
Materials and Methods
Materials Phytosterols (purity>95%) were generous gifts (5 mL) were added into a 10 mL screw-capped vial. The vial was placed in a water-bath controlled at 30 _ 60℃ and the reaction mixtures were shaken at 150 r/min for 0.5 _ 36 h (Fig. 1) . Over the time course of the reactions, a portion of the reaction mixture (100 μL) was periodically removed from the reaction for thin layer c h r o m a t o g r a p h y ( T L C ) a n d h i g h p e r f o r m a n c e l i q u i d chromatography (HPLC). All reactions were performed in duplicate unless otherwise specified. The results were expressed as mean ± standard deviation (SD).
TLC analysis
The sample (200 μL) removed periodically from the reaction system was dissolved in 2 mL absolute ethanol / The conversion of phytosterols to phytosterol linolenate (%) = the peak area of phytosterol linolenate in reaction mixtures / (the peak area of phytosterol linolenate in reaction mixtures + the peak area of phytosterols in reaction mixtures) × 100
Product purification by column chromatography
Determination of the solubility of phytosterols and its linolenate The solubility of phytosterol linolenate in soy bean oil was studied at 25℃ according to previous literature with minor modification (He et al., 2016b) . In detail, 0.1 g phytosterols or 2.5 g phytosterol linolenate was added into a 20 mL flask, respectively.
The flask was heated with a oil bath equipped with a magnetic stirring apparatus to 25℃. Subsequently the soybean oil was added dropwise until the sample was completely dissolved. Thereafter, the flask was allowed to stand for 2 h under magnetic stirring Determination of substrate solubility To determine the effect of the substrate solubility on the conversion, the solubility of phytosterols in various solvents was investigated based on the previous literature with some modification (He et al., 2016a) . In brief, an amount of 0.41 g of phytosterols was added into screwcapped vial with 2 mL DMSO, or 5 mL acetone, tert-pentanol, tertbutanol, cyclohexane, n-hexane, n-heptane, n-octane or iso-octane.
These solutions were incubated in a water-bath shaker (50℃) at 150 r/min for 2 h. Subsequently, 1 mL of the upper phase was accurately taken out, weighed, recorded and then dried under vacuum to remove the solvent. At the end of drying, the remaining solid sample was weighed and recorded. The substrate solubility was calculated according to the following formula: The solubility of phytosterols (mmol/L) = The sample weight at the end of drying under vacuum (g) / 414 (g/mol) /The solvent volume (mL) x 1000
Results and Discussion
Screening of lipases In this study, three lipases in either powdered or immobilized forms were selected as the potential biocatalyst due to their excellent catalytic activity (Li et al., 2008; Miao et al., 2014; Torres et al., 2008 (Miao et al., 2014) .
According to Miao et al. , the esterification rate can achieve 82.0%
using the lipase from Candida rugosa as biocatalyst in n-hexane, whereas the conversion only reach 52.1% using the same lipase.
The discrepancy may be attributed to the difference of acyl donor and reaction conditions. Based on the above results, Candida rugosa lipase was selected as the biocatalyst for the transesterification of phytosterols with ethyl linolenate in subsequent experiments.
Effect of solvent Reaction solvent is one of the most important factors for lipase-catalyzed esterification or transesterification reaction in non-aqueous media. On the one hand, reaction solvent can influence the mass transfer in the reaction system by changing the solubility of the substrate (He et al., 2012) . On the other hand, organic solvents have great effects on the enzyme structure, thus affecting the lipase activity and stability (He et al., 2016a; . The Log P value was defined as the logarithm of the partition coefficient of a given compound in the standard two-phase system of octanol/water and mainly used for describing the solvent hydrophobicity (He et al., 2016a; Jia et al., 2010) . In general, the higher the Log P was, the stronger the hydrophobicity of solvents.
The effect of reaction solvents on the transesterification of phytosterols with ethyl linolenate was investigated and the Log P values, phytosterols solubility, product conversion and residual activities of Candida rugosa lipase after exposure to different solvents are presented in Table 1 . In this study, nine organic solvents with Log P from -1.3 to 4.7 were used for the candidate solvent. DMSO, with Log P value of _ 1.30, had the highest solubility of phytosterols and the lowest hydrophobicity among all solvents used, whereas no phytosterol linolenate was synthesized in DMSO. As shown in Table 1 the Candida rugosa lipase subjected DMSO showed no residual activity in iso-octane. This may be attributed to the strong polarity of DMSO, which rapidly deprived the necessary water from enzyme molecules thus making the lipase completely deactivated. In one of our previous studies, no goal product was obtained in DMSO using Lipozyme RM IM as biocatalyst for the synthesis of water-soluble plant stanol derivatives (He et al., 2012) Similarly, the conversion below 5%
was obtained in acetone. However, Candida rugosa lipase subjected acetone displayed certain residual activity in iso-octane, indicating that the lipase was partially deactivated in acetone. With the increase of Log P value from 0.3 to 4.7, the conversion of phytosterols to phytosterol linolenate gradually increased from 20.6 ± 1.4% to 81.7 ± 6.7%. Although the solubility of phytosetrols was the lowest in iso-octane with Log P of 4.7, the highest conversion was obtained. This trend can be explained by the following two reasons. On the one hand, iso-octane had the strongest hydrophobicity, so it couldn't reduce the enzyme activity and affect the transesterification, which could be supported by the highest residual activity in iso-octane. One the other hand, the product (phytosterol linolenate) had weak polarity, the solvent (isooctane) had strong hydrophobicity. The goal product showed stronger solubility in hydrophobic solvent, which contributed to shift the reaction equilibrium towards transesterification. As reported in a previous study , iso-octane was found to be the most suitable solvent for the synthesis of phytosterol esters from oleic acid and phytosterol in the presence of immobilized lipase Candida sp. 99 _ 125. Base on the above analyses, iso-octane was selected as the optimal solvent and used for subsequent experiments.
Effect of temperature Reaction temperature was crucial to
lipase-catalyzed reaction in non-aqueous media. On the one hand, the substrate solubility in solvent was influenced by reaction temperature. In general, the higher the temperature, the greater the solubility. On the other hand, the activity, stability and reusability of the lipase were strongly associated with reaction temperature (He et al., 2016a) . Too high temperature was unfavorable for the stability and reusability of the lipase. Furthermore, reaction solvent was also easily volatilized at high temperature. The effect of temperature on the conversion of phytosterols to phytosterol linolenate in the lipase-catalyzed reaction was investigated at temperature ranging from 30 to 60℃, and the results are shown in Fig. 3 . As the reaction temperature increased, the conversion of phytosterols to phytosterol linolenate increased. When the temperature reached 40℃ and higher, the conversion began to decrease. Similar trend was found in a recent study by Miao et al., in which Candida rugosa lipase had optimal activity at 45℃ in n-hexane for lipase-catalyzed esterification of phytosterols with lauric acid (Miao et al., 2014) . In the present study, the maximum conversion of 94.1 ± 2.1% was achieved at 40℃ in isooctane for lipase-catalyzed transesterification reaction for 24 h. According to a previous study by Kim and Akoh, the optimal activity of Candida rugosa lipase was observed at temperature below 55℃ when used for the lipase-catalyzed synthesis of phytosterol oleate via
esterification (Kim and Akoh, 2007). Weber et al. also found that
Candida rugosa lipase had the optimal activity at 40℃ for lipasecatalyzed esterification of sitostanol with oleic acid in vacuo (Weber et al., 2001) , which was in close agreement with our results. Based on the above result, 40℃ was used for lipasecatalyzed transesterification reaction in the further experiments. occurred with equivalent molar of phytosterols to ethyl linolenate.
Effect of enzyme load
Generally speaking, a molar excess of one of the substrates was considered to be favorable for the conversion (He et al., 2016a) .
The conversion was improved from 80.0 ± 2.3% to 97.6 ± 0.6% as the rise of the molar ratio of phytosterols to ethyl linolenate from lipase had good catalytic activity for esterification reaction. In a another previous study by Zeng et al. (2015) Comparison of the oil solubility The solubility of phytosterols and its linolenate at 25℃ was studied. The solubility of phytosterols in soybean oil was 1.41 ± 0.03 g/100 mL, while the solubility of phytostreols linolenate reached above 25 g/100 mL under the same conditions, which was above 18 times of the solubility of free phytosterols in soybean oil. In a previous study by 
